Introduction
============

When chromosomes are replicated in S-phase, sister chromatids are held together by a multi-protein complex---cohesin---consisting of structural maintenance of chromosomes (SMC) subunits (SMC1 and SMC3) and non-SMC subunits (stromal antigen (SA)1/2 and kleisin RAD21/SCC1; [@b19]). In mitotic prophase, a large amount of cohesin dissociates from the chromosome arms, by a process known as the 'prophase pathway\' that depends on the phosphorylation of cohesin by Polo-like kinase 1 (PLK1) during prophase and prometaphase ([@b9]; [@b8]; [@b25]). At the onset of anaphase, residual cohesin along the chromosomes is cleaved by separase, leading to chromosome separation ([@b19]).

The meiotic cell-cycle consists of a single DNA replication followed by two rounds of chromosome segregation (meiosis I and II). The cohesin complex in meiosis differs from that in mitosis, as SCC1/RAD21 is mostly replaced by a meiotic counterpart, REC8 ([@b41]). In mammalian germ cells, other meiosis-specific cohesin subunits, SA3 and SMC1β, are also expressed ([@b27]; [@b29]). During prophase I, sister chromatids are organized into proteinaceous structures of axial elements, on which the synaptonemal complex is assembled to promote homologue synapsis, meiotic recombination and crossover resolution, a process yielding chiasmata between homologues ([@b2]; [@b5]; [@b31]; [@b17]; [@b21]). Cohesin, which interacts with the synaptonemal complex components and localizes along axial elements, might act as a basis for synaptonemal complex assembly ([@b6]; [@b24]; [@b27]; [@b29]; [@b13]). In SMC1β-deficient mouse, axial elements are shortened, chromatin loops are extended and homologous synapsis is incomplete ([@b30]; [@b20]). Thus, cohesin is crucial not only for sister chromatid cohesion, but also for various meiosis-specific chromosomal events. In yeast, meiosis-specific kleisin REC8 is required for several chromosomal events including synaptonemal complex formation, reciprocal recombination, monopolar attachment of sister chromatids and protection of centromeric cohesion ([@b4]; [@b12]; [@b22]; [@b42]). Remarkably, these meiosis-specific properties of chromosomes are not restored by ectopic expression of RAD21 in *Rec8* mutant yeast cells, even though sister chromatid cohesion is restored by RAD21-cohesin ([@b38]; [@b45]). Thus, the kleisin subunit of cohesin seems to be important for the meiosis-specific function of the cohesin complex. In mammals, meiosis-specific kleisin REC8 is thought to be important for proper synapsis ([@b3]; [@b44]). Although it has been thought that REC8 is the only meiosis-specific kleisin in mammals, we report the isolation of a novel meiosis-specific kleisin subunit, RAD21L, which together with RAD21 and REC8 might have a spatiotemporally distinct role in the promotion of chromosome dynamics in mammalian meiosis.

Results and Discussion
======================

Identification of the novel cohesin subunit RAD 21L
---------------------------------------------------

During liquid chromatography mass spectrometry/mass spectrometry analysis of centromere protein (CENP-C)-associated factors immunoprecipitated from mouse testis chromatin, we identified a hypothetical protein LOC668929 ([supplementary Fig S1](#S1){ref-type="supplementary-material"} online). Our BLAST search showed that LOC668929 is similar to kleisin family proteins (RAD21 and REC8) of the cohesin complex ([Fig 1A](#f1){ref-type="fig"}) and this protein is conserved in other vertebrate species ([supplementary Fig S2](#S1){ref-type="supplementary-material"} online). As LOC668929 is more similar to RAD21 than REC8 ([Fig 1B](#f1){ref-type="fig"}), we named LOC668929 as a RAD21-like protein (RAD21L). Reverse transcription--PCR demonstrated that the mRNA of *Rad 21L* is expressed in both the testis and ovary, similar to other meiosis-specific *Rec8*, *SA3* and *SMC1β* ([Fig 1C](#f1){ref-type="fig"}). Expression of *Rad21L* is detectable in the testis by postnatal day 7, approximately at the time when the first wave of meiosis begins ([@b1]), indicating that *Rad21L* is expressed concomitantly with meiotic entry ([supplementary Fig S4](#S1){ref-type="supplementary-material"} online).

The core cohesin complex is composed of two SMC proteins (SMC 1 and SMC 3) and two non-SMC subunits (kleisin and SA). In mouse, SMC1α and SA1/SA2 are ubiquitously expressed in somatic cells and in germ cells, whereas their paralogues, SMC1β and SA3, are meiosis specific. To determine whether RAD21L is a subunit of cohesin and identify the subunits with which it forms a complex, we performed immunoprecipitation using specific antibodies recognizing each kleisin subunit, REC8, RAD21 and RAD21L, in testis extracts ([Fig 1D](#f1){ref-type="fig"}). The results indicate that substantial fractions of RAD21L and REC8 form distinct complexes with meiosis-specific subunits SMC1β and SA3, but much less with ubiquitous SMC1α or SA1/SA2, whereas RAD21 associates with both mitotic and meiotic versions of SMC1 and SA. Our data do not exclude the possibility that a subtle fraction of REC8 might also associate with SMC1α, as reported previously ([@b30]). Thus, we conclude that RAD21L is a novel meiosis-specific cohesin subunit, and that at least three different types of cohesin complexes exist in mammalian meiotic cells.

RAD21L localizes along the axial elements in meiosis
----------------------------------------------------

We immunostained RAD21L in spermatocytes with SCP3, a component of synaptonemal complex, whose staining pattern can define meiotic stage ([Fig 2A](#f2){ref-type="fig"}). RAD21L first becomes detectable around the heterochromatic regions in leptotene and localizes along axial elements during zygotene when homologous chromosomes are synapsed. During pachytene, fully synapsed axial elements are strongly labelled with RAD21L. From late pachytene onwards, RAD21L gradually dissociates from axial elements with the production of self-assembled poly-complexes or aggregants in the nucleus. During diplotene, dissociation of RAD21L from axial elements progresses on autosomes, but not on XY chromosomes. At metaphase I, residual RAD21L cohesin remains on the chromosome arm and partly colocalizes with SCP3, suggesting that RAD21L is retained at or close to the centromere regions where SCP3 progressively accumulates at metaphase I ([@b23]). This observation was further confirmed by colocalization of RAD21L with centromere protein CENP-C ([Fig 2A](#f2){ref-type="fig"}). In a control experiment using NIH3T3 mitotic cells, RAD21L is not detectable ([Fig 2A](#f2){ref-type="fig"}), indicating that our RAD21L antibody specifically recognizes RAD21L, but does not cross-react with RAD21 ([supplementary Fig S3](#S1){ref-type="supplementary-material"} online). The overall localization pattern of RAD21L in spermatocytes seems to be similar to that of REC8 ([@b7]; [@b13]).

Next, we immunostained RAD21L cohesin in oocytes ([Fig 2B](#f2){ref-type="fig"}). In fetal oocytes, RAD21L cohesin is found in leptotene, loaded along the axial element from zygotene until pachytene, and disappears in late pachytene, a pattern similar to that in spermatocytes. From late pachytene until dictyate arrest stage, the dissociated pools of RAD21L and SCP3 produce aggregants, presumably at the nucleoli ([@b28]). Although REC8 is detectable around centromeres at prometaphase I or metaphase I in mature oocytes ([@b14]), RAD21L and RAD21 are not detectable at these stages, suggesting sexual dimorphism of the requirement for cohesins. These observations are consistent with the notion that REC8 cohesin is solely responsible for chromosome arm and centromere cohesion at metaphase I in oocytes ([@b36]).

Mutually exclusive localization of RAD21L and REC8
--------------------------------------------------

We compared the localizations of REC8 and RAD21L in spermatocytes for differences in their dynamics on chromosomes ([Fig 3A](#f3){ref-type="fig"}). Although both REC8 and RAD21L become detectable in leptotene, RAD21L localizes along the axial elements earlier than REC8 during late leptotene/early zygotene, implying that REC8 and RAD21L might have different roles in the initial axial element formation. The localization of both REC8 and RAD21L along the axial elements reaches a maximum level in pachytene, and then they gradually dissociate in late pachytene ([Fig 3A](#f3){ref-type="fig"}).

Magnified views showed mutually exclusive localization rather than colocalization of RAD21L and REC8 along the axial elements during pachytene in spermatocytes and oocytes ([Fig 3B,C](#f3){ref-type="fig"}). Intriguingly, the alternative localization patterns of RAD21L and REC8 on the two not-yet-synaped homologous chromosomes show a symmetry ([Fig 3D--F](#f3){ref-type="fig"}), indicating that RAD21L and REC8 cohesin-enriched regions are already established on each homologue before synapsis. This localization patterns suggest that RAD21L and REC8 might have their intrinsic loading sites on the chromosomes and form distinct cohesin-enriched domains along the axial elements. Although synaptonemal complex formation and synapsis are partly defective in REC8-deficient mice, pairs of homologues are still nonrandomly aligned in close proximity ([@b3]; [@b44]), suggesting that homologue pairing has initiated in the absence of REC8. Our findings raise the possibility that if RAD21L and REC8, including cohesin complexes, interact in a self-selective manner, the pattern of RAD21L and REC8 distribution along the chromosomes might provide a 'barcode\' to facilitate finding the proper pairing partner before the recombination-dependent tight association of homologues. In any case, the residual ability of the REC8-deficient mouse to achieve homologue pairing might depend on the alternative kleisin RAD21L rather than RAD21 (see below).

RAD21 transiently localizes on axial elements
---------------------------------------------

We comparatively examined the localizations of RAD21 and RAD21L by using immunostaining ([Fig 4A](#f4){ref-type="fig"}). As the amino-acid sequences of RAD21 and RAD21L are similar in the amino-terminal and carboxy-terminal regions, we carefully prepared antibodies to avoid cross-reaction ([supplementary Fig S3](#S1){ref-type="supplementary-material"} online). Although RAD21 is detectable in mitotic cells, it disappears in nuclei from early leptotene until zygotene, whereas RAD21L appears along axial elements. RAD21 transiently reappears on axial elements in late pachytene when REC8 and RAD21L start to dissociate ([Figs 3A](#f3){ref-type="fig"} and [4A](#f4){ref-type="fig"}). Crucially, RAD21 rarely colocalizes with either RAD21L or REC8 ([Fig 4B,C](#f4){ref-type="fig"}), suggesting that RAD21 replaces RAD21L and REC8 or localizes at different sites to have a specialized role. From diplotene onward, RAD21 dissociates from axial elements and finally remains around the centromeres at metaphase I, in agreement with the results of a previous study ([@b23]). As RAD21 emerges on axial elements during pachytene when crossover resolution progresses ([@b2]; [@b5]; [@b17]), loading of RAD21-type cohesin might be promoted by DNA-damage repair-dependent mechanisms ([@b26]; [@b34]; [@b39]). By contrast, RAD21L- and REC8-type cohesins becomes detectable on chromatin in early leptotene ([Fig 3A](#f3){ref-type="fig"}), suggesting that these cohesins are involved in canonical sister chromatid cohesion; established coupling with pre-meiotic DNA replication.

It has been proposed previously that RAD21 is involved in sister chromatid cohesion and localizes along the axial elements throughout all stages of prophase until metaphase I ([@b23]; [@b43]), but our analysis does not detect RAD21, at least in zygotene. One reason for this discrepancy might be the cross-reactivity of RAD21 antibodies with RAD21L in previous studies ([@b23]; [@b43]; [supplementary Fig S3](#S1){ref-type="supplementary-material"} online). In REC8-deficient mice, sister chromatid cohesion and axial element formation are still preserved, suggesting that a kleisin other than REC8 might be integral to meiotic sister chromatid cohesion ([@b3]; [@b44]). Our results indicate that this alternative kleisin is RAD21L, not than RAD21.

PLK1 promotes dissociation of cohesin and SC
--------------------------------------------

The meiotic cohesins together with the synaptonemal complex component SCP3 mostly, but not entirely, dissociate from axial elements from late prophase until metaphase I. As PLK1 is crucial for the prophase dissociation of cohesin from chromosome arms in mitosis ([@b18]; [@b35]), we examined the possibility that the removal of meiotic cohesins in late meiotic prophase depends on PLK1. *In vitro* cultures of spermatocytes were treated with or without PLK1 inhibitor GW843682X and induced to undergo metaphase I by the addition of okadaic acid. Cells at diakinesis/metaphase I were immunostained for SCP3 and CENP-U pT78, a substrate of PLK1 ([@b10]). In control cells, SCP3 is lost from the chromosome arm regions, instead accumulating at centromeres with a reduction in axial element length. However, in CENP-U pT78-negative cells, SCP3 is still mostly retained along the axial elements with less compaction ([Fig 4D](#f4){ref-type="fig"}). In a comparative experiment using REC8 and RAD21L antibodies, we found that both REC8 and RAD21L are retained more along the axial elements than control cells ([Fig 4E](#f4){ref-type="fig"}). We cannot exclude the possibility that inhibition of PLK1 under this condition might indirectly delay the progression into metaphase I. However, these results indicate that PLK1 might promote the dissociation of SCP3 and cohesin from axial elements in late meiotic prophase, presumably to facilitate chromosome condensation. This observation is similar to that in budding yeast meiosis, where PLK/CDC5 drives the exit from pachytene and synaptonemal complex breakdown ([@b33]) while removing a subpopulation of cohesin from chromosomes before the onset of anaphase I ([@b46]). Thus, our results indicate that PLK1-dependent synaptonemal complex disassembly is conserved in yeast and animal meiosis. It has been shown that meiotic cohesin associates with synaptonemal complex components ([@b6]), and that, REC8 is required for full assembly of synaptonemal complex ([@b44]). As synaptonemal complex disassembly roughly coincides with cohesin dissociation ([Figs 2](#f2){ref-type="fig"} and [4E](#f4){ref-type="fig"}), it is possible that the PLK1 targets responsible for synaptonemal complex disassembly might be cohesin complexes. Whereas the PLK1 target remains to be identified, this possibility seems appealing if synaptonemal complex disassembly is related to the prophase pathway in mammalian mitosis, in which cohesin SA2 is the crucial target of PLK1 ([@b8]).

In summary, our results show that mammalian germ cells express at least three distinct types of cohesin complex, each of which includes REC8, RAD21L or RAD21, and might have spatiotemporally different divisions of labour for the progression of meiosis ([Fig 4F](#f4){ref-type="fig"}). Their distinct dynamics are provided mainly by the kleisin subunit. These meiotic cohesin complexes are assumed to function not only in sister chromatid cohesion, but also in specialized chromosomal events in meiotic progression such as axial element formation, homologue pairing and the assembly/disassembly of synaptonemal complex. This notion is consistent with evidence from *Caenorhabditis elegans* meiosis that REC8 and its paralogues COH3 and COH4 cohesins are required not only for sister chromatid cohesion, but also for axial element formation and synaptonemal complex assembly in distinct ways ([@b32]). The distribution patterns of cohesins might facilitate the twisting of two homologues for pairing during early prophase so that the axial elements on the homologues are progressively coiled around each other, as suggested in maize where AFD1/REC8 shows a bilaterally symmetrical pattern on the paired axes ([@b40]). The cohesin barcode model might also be applicable to organisms such as yeast, which express single meiosis-specific kleisin REC8, because REC8 localizes along the chromatin, forming a uniquely spaced distribution ([@b16]; [@b11]). Further studies including the generation of RAD21L-knockout and RAD21L/REC8-double-knockout mice will show the crucial functions of meiosis-specific cohesins in mammals.

Methods
=======

Immunostaining of chromosome spreads from spermatocytes and fetal oocytes and the culture of okadaic acid-induced metaphase I spermatocytes were performed as described ([@b37]). Culture and immunostaining of mature oocytes were performed as described ([@b15]). All methodological details referring to antibodies, reagents, preparation of testis extracts, immunoprecipitation, RT--PCR and mass spectrometry are presented in the [supplementary information](#S1){ref-type="supplementary-material"} online. Animal experiments were approved by the Institutional Animal Care and Use Committee (Permission number 20001).

**Supplementary information** is available at EMBO *reports* online (<http://www.emboreports.org>).
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![Identification of a new cohesin subunit RAD21L. (**A**) Amino-acid sequence alignment of mouse RAD21L, RAD21 and REC8. The RAD21L sequence has been submitted to the DDBJ, EMBL and GenBank databases under accession number [AB602048](AB602048). (**B**) Schematic showing the amino-acid similarity and identity of RAD21L compared with REC8 and RAD21. (**C**) Tissue specificity of mRNA expression for the indicated genes was analysed by RT--PCR. (**D**) Immunoprecipitates from spermatocyte extracts obtained using RAD21L, REC8 and RAD21 antibodies or control immunoglobulin G (IgG) were analysed by western blotting using antibodies against the indicated proteins. Input: 1 and 0.1% of whole soluble extract. E, embryonic day; IgG, immunoglobulin G; P, postnatal; RT--PCR, reverse transcription PCR; RT(--), control PCR; W, week.](embor20112f1){#f1}

![RAD21L cohesin localizes along axial elements in both spermatocytes and oocytes during meiosis. (**A**) Chromosome spreads of spermatocytes were stained with RAD21L and SCP3 antibodies. Arrow: RAD21L aggregates. Arrowhead: XY body. NIH3T3 mitotic cells were stained with RAD21L and CENP-C antibodies. (**B**) Chromosome spreads of fetal oocytes were stained as shown in (**A**). Oocytes at 2 h (Prometaphase I) and 6 h (Metaphase I) after GVBD were stained with RAD21L and CENP-C antibodies as indicated. Scale bars, 5 μm. CENP-C, centromere protein; GVBD, germinal vesicle breakdown.](embor20112f2){#f2}

![Comparative localization of RAD21L and REC8 cohesins during meiosis. (**A**) Chromosome spreads of spermatocytes were stained with RAD21L and REC8 antibodies. Arrow: RAD21L aggregates. Arrowhead: XY body. (**B**,**C**) Immunostaining of chromosome spreads of (**B**) pachytene spermatocytes and (**C**) pachytene fetal oocytes. Magnified images are shown on the right. Line scans of green/red signals along paired chromosomes (dashed arrow) were performed and the plots are shown (bottom right). (**D**) Immunostaining of chromosome spreads of spermatocytes at zygotene/pachytene transition with RAD21L and SCP1, a component of central element of synaptonemal complex, antibodies. Magnified images of the two not-yet-synapsed homologous chromosomes are shown on the right. (**E**, **F**) Immunostaining of chromosome spreads of (**E**) spermatocytes and (**F**) fetal oocytes at zygotene/pachytene transition with RAD21L and REC8 antibodies. Magnified images of the two not-yet-synapsed homologous chromosomes are shown on the right. Scale bars, 5 μm.](embor20112f3){#f3}

![RAD21 cohesin transiently localizes on axial element during late meiotic prophase. (**A**) Chromosome spreads of spermatocytes were stained with RAD21L and RAD21 antibodies. Metaphase I spermatocytes (far right) were stained with CENP-C and RAD21 antibodies. Arrow: RAD21L aggregates. Arrowhead: XY body. (**B**) Late pachytene spermatocytes were stained with RAD21L and RAD21 antibodies or (**C**) REC8 and RAD21 antibodies. Magnified images are shown on the right. (**D**) Chromosome spreads of diakinesis/metaphase I cells with or without GW843682X (GW) were stained with SCP3 and CENP-U pT78 antibodies. The staining patterns were classified into two categories and quantified (*n*=32, 39 for cells with and without GW, respectively). (**E**) Chromosome spreads of diakinesis/metaphase I cells with or without GW were stained with SCP3 and REC8 or RAD21L antibodies. (**F**) Schematic illustration of the localization and dissociation of RAD21L, REC8 and RAD21 cohesins along the axial element during meiotic prophase. Scale bars, 5 μm. PLK1, Polo-like kinase 1.](embor20112f4){#f4}
